In ELISA, antibodies raised against PGM from rabbit skeletal muscle were reactive not only with original PGM but also with PGM fractions from Paramecium. Therefore, PGM and PP63 seem to be identical with regard to widely different parameters, i.e. co-elution by chromatography, molecular mass, phosphorylation by the two protein kinases tested, pI values of isoforms, and immuno-binding. Recent claims that PP63 ('parafusin') would not be identical with PGM specifically in Paramecium are critically evaluated. Since some glycolytic enzymes are discussed as being associated with the Ca2l-release channel in muscle sarcoplasmic reticulum, and since sub-plasmalemmal Ca2+ stores in Paramecium closely resemble sarcoplasmic reticulum, a possible function of PP63/PGM in exocytosis regulation is discussed, particularly since dephosphorylation strictly parallels exocytosis.
INTRODUCTION
Recently we have partially characterized an exocytosis-sensitive 63 kDa phosphoprotein, PP63, from Paramecium tetraurelia cells [1] . In quenched-flow experiments PP63 is rapidly and selectively dephosphorylated in vivo during triggered synchronous (80 ms) trichocyst exocytosis. Within only seconds the dephosphorylated form, P63, is fully rephosphorylated to the phosphorylated form, PP63. Dephosphorylation does not occur when exocytosis-incompetent mutant strains are exposed to the secretagogue aminoethyldextran (AED) [2] . PP63 ('parafusin') exists in several isoforms, with pl values between 5.75 and 6.05 [1, 3] . All the forms of different pI are extensively dephosphorylated during synchronous exocytosis, including the most intensively phosphorylated form, of pI 5.95, which is also most intensely rephosphorylated after exocytosis [1] . They all are sensitive to alkaline, but insensitive to acid, treatment, thus indicating serine/threonine phosphorylation [1, 3] . We have evidence that PP63 isolated after 32p labelling in vivo is a substrate for protein serine/threonine phosphatases and kinases (R. Kissmehl, T. Treptau, H. W. Hofer and H. Plattner, unpublished work). Isolation of PP63 [3] and its recent molecular cloning revealed several serine-phosphorylation sites [4] . On the other hand, it was reported that PP63 could be phosphoglycosylated in vitro by addition of glucose 1-phosphate (Glc-l-P), catalysed by an aGlc-1-P phosphotransferase utilizing UDPglucose, to a short chain of mannose residues 0-linked to a serine residue [5] [6] [7] . Although P63 and PP63 were shown to be cytosolic, its localization by Western blots, from isolated cell-surface fragments, and by immunofluorescence labelling, using a polyclonal antibody against the pI 5.95 isoform, is cortical [1] . This localization, and the strict temporal correlation of its dephosphorylation with exocytosis, suggests a role for exocytosis regulation in Paramecium tetraurelia. In this context, the presence of this protein in widely different species, from yeast to mammals [8] , implies a mechanism of possibly general importance for 558 T. Treptau and others exocytosis regulation. Beyond this, little is known about the nature of this phosphoprotein.
In mammalian, but also in other, cell homogenates UDP-glucose:glycoprotein glucose-l-phosphotransferase (Glcphosphotransferase) has also been shown to add aGlc-l-P to 0-linked mannose present on cytoplasmic acceptor proteins of about 63 kDa [9] [10] [11] . More recently, such an acceptor protein has been identified in liver [12] , PC12 cells and rat synaptosomes [13] , as well as in Saccharomyces cerevisiae [14, 15] , as being identical with phosphoglucomutase (PGM, EC 5.4.2.2). However, in Paramecium cells, the identity of PP63 with PGM was recently denied [4, 7] .
PGM catalyses an intramolecular transfer of phosphate between C-1 and C-6 of glucose molecules, and thus has a pivotal role in glycolysis and gluconeogenesis regulation. This enzyme is not only widely distributed in mammalian tissues, but it could also be isolated from flounder and shark [16] , from yeast [17] , from a line of plant tissues [18] [19] [20] and even from Escherichia coli [21, 22] and Neisseria [23] . Depending on the source, the apparent molecular mass of this single-chain monomeric enzyme is in the range 60-65 kDa. Electrophoretic studies also have shown that PGM from mammalian sources is heterogeneous, not only because of coding by different genes [24] [25] [26] , but also due to different post-translational modifications [27, 28] . Recent cDNA cloning and amino acid sequencing of PGM from bacteria [231 and from mammalian species [26, [29] [30] [31] indicated considerable similarity. Different aspects were reported with regard to phosphorylation and enzymic activation. Treatment of the phospho-form of PGM with an excess of Glc-l-P converts the phospho-enzyme almost completely into the enzymically inactive dephosphoform [32] . If the enzyme is partially or completely in the dephospho-form, addition of sufficient glucose 1,6-bisphosphate (Glc-1,6-P2) ensures conversion into the phospho-form [16] . Phosphorylation of PGM at Ser-l 16 is also well established [29, 33, 34] , and only this form is catalytically active [32, 35, 36] . An isoform of PGM, localized in junctional sarcoplasmic reticulum (SR) from skeletal muscle, could be demonstrated to be the substrate of a Ca2+/calmodulindependent protein kinase [36] (see the Discussion section), which has not been isolated from Paramecium as yet. A structural and functional equivalent of SR is found in Paramecium cells in the form of the sub-plasmalemmal Ca2+ stores, the 'alveolar sacs' [37, 38] .
As pointed out above, there is now some discrepancy between results obtained with Paramecium and with a variety of other cell types. Only for Paramecium it was claimed that PP63 ('parafusin') could not be PGM. Therefore, we studied in this paper several characteristics of PP63 in relationship to PGM in Paramecium, i.e. how it can be phosphorylated in vitro and how this phosphorylation compares with phosphorylation in vivo. We show that PP63 shares several characteristics with PGM, and that PP63 co-purifies with PGM activity. Additionally, in ELISA the PGM-containing fraction from Paramecium binds polyclonal antibodies raised against PGM from rabbit skeletal muscle. Its apparent molecular mass and pl are identical with those of PP63. So far, PP63 and PGM seem to be identical with regard to widely different parameters. Since we can extract two PGM peaks, there might exist isoforms. Furthermore, previous work with Paramecium did not take into account inactivation by inappropriate preparation conditions. In addition, we show that PP63/PGM from Paramecium can serve as a substrate for endogenous casein kinase and cyclic GMP (cGMP)-dependent protein kinase, and thus yield phosphorylation forms of identical pl values. Of particular importance is the fact that these are identical with those occurring in vivo.
MATERIALS AND METHODS Materials
Glc-l-P, Glc-1,6-P2, NADP+, glucose-6-phosphate dehydrogenase (Glc-6-P-DH), p-nitrophenyl phosphate (pNPP) and PGM from rabbit skeletal muscle were obtained from Boehringer (Mannheim, Germany). Casein, histone II-S and Azocoll were from Sigma (Deisenhofen, Germany); HR SDS Precote 10%-polyacrylamide gels and the isoelectric-focusing (IEF) marker proteins were from Serva (Heidelberg, Germany); HPLCDfB 'HeliPrepSystem', Superose 12 HR 16/50, Superose 12 HR 10/30, Mono Q HR 5/5, Mono P HR 5/5, Mono S HR 5/5, IEF gels and the SDS protein molecular-mass markers (LMW) were from Pharmacia (Freiburg, Germany). Protein-assay dye reagent was purchased from Bio-Rad Laboratories (Munich, Germany) and carrier-free [32P]P (PBS 13) was from Amersham-Buchler (Braunschweig, Germany). Polystyrene microtitre plates for ELISA were from Greiner (Solingen, Germany). Other reagents and all solvents used were of analytical grade.
Synchronous exocytosis was induced by adding 0.01 % (w/v) (= 2.5 ,uM) AED (40 kDa; one amino group per kDa ofdextran) as described previously [41] . To determine the trigger effect of non-cytotoxic AED triggering, samples were additionally triggered with picric acid [42] . Though lethal, picric acid releases residual trichocysts not released with AED. Only cultures with an exocytosis capacity of > 90 % in response to AED were used for phosphorylation studies in vivo.
32p labelling of Paramecium cells in vivo
Methods used for labelling cells in vivo were as used previously [1] , with slight modifications. Briefly, cells (5 x 104/ml) were incubated with (2.3-3.0) x 106 Bq/ml (62-80 ,uCi/ml) H332PO4 (Amersham-Buchler) for 90 min at room temperature. Under these conditions PP63, but also some other endogenous phosphoproteins, were intensely labelled. Samples were taken either without AED triggering (phosphorylated state) or at 2 s or 1 min after AED triggering, representing the de-and re-phosphorylated state of (P)P63 respectively [43] .
Isolation of (P)P63 4 'C. (NH4)2SO4 was added slowly with stirring to the supernatant at 0 'C until 35 % saturation was reached. The suspension was stirred for a further 60 min and centrifuged at 30000 g for 30 min at 4 'C with the same rotor. The supernatant was adjusted to 75 % saturation with (NH4)2SO4, stirred for a further 60 min, and centrifuged as above. The pellets were resuspended in a minimum volume of20 mM triethanolamine/HCl buffer, pH 7.5, and centrifuged as above. The supernatant was loaded on a Pharmacia Superose 12 prep grade HR 16/50 column, which had been equilibrated with 20 mM triethanolamine/HCl, pH 7.5, at room temperature and eluted with the same buffer at a flow rate of 1 ml/min with a Pharmacia HPLC system. PGM-active fractions were pooled and applied to a Mono Q HR 5/5 column equilibrated with 20 mM triethanolamine/HCl, pH 7.5. PGM was eluted at a flow rate of 0.5 ml/min with a linear gradient of 0-250 mM NaCl, collected in 1 ml fractions, and assayed for enzyme activity. For further enrichment, PGM-active fractions were applied on to Superose 12 HR1O/30. Alternatively, chromatographic fractionation was also performed, i.e. by chromatofocusing (Mono P HR 5/5) or by cation-exchange chromatography (Mono S HR 5/5) using a corresponding Polybuffer system for pH gradients 7-4 (Pharmacia) or 50 mM sodium acetate buffer, pH 5.5, respectively. We tentatively also used other buffer systems, including 20-50 mM Tris/HCl or Pipes/HCl, each at pH 7.5.
Isolation of endogenous protein kinases
We used a new scheme to isolate cGMP-dependent protein kinase and casein kinase (R. Kissmehl, T. Treptau, W. Hofer and H. Plattner, unpublished work), which both are known to occur in Paramecium [44, 45] . They were both isolated from the Paramecium 100000 g supernatant by anion-exchange chromatography (DEAE-cellulose). Briefly, hydrophobic exchange chromatography (phenyl-Sepharose CL-4B) followed by affinity chromatography (Affi-Gel Blue) separated a casein kinase activity, whereas cGMP-dependent protein kinase activity could be enriched with affinity chromatography (Affi-Gel Blue) and cation-exchange chromatography (phosphocellulose). cGMP-dependent protein kinase and casein kinase were assayed as described by Thalhofer et al. [46] , with either histone II-S or casein as a substrate.
Protein determination
The concentration of proteins was determined by the method described by Bradford [47] , with BSA as a standard.
SDS/PAGE
Protein samples were denatured by boiling for 3 min in 1.3 % (w/v) SDS/0.5 % (w/v) dithiothreitol/20 % (v/v) glycerol/125 mM Tris/HCl, pH 6.8 ('sample buffer') and subjected to electrophoresis on linear gradient (10-20%) SDS/ polyacrylamide gels or on HR SDS Precote 10 %-polyacrylamide gels in the presence of 0.1 % SDS, by using the discontinuous buffer system of Laemmli [48] . Protein standards [low molecular mass, from Pharmacia LKB, with myosin (220 kDa) added] were prepared according to the manufacturer's directions. Gels were silver stained as described by Heukeshoven and Dernick [49] . Before drying, gels were generally incubated for 1 h in 55 [50] . Autoradiograms were evaluated densitometrically using a Quick Scan Densitometer from Desaga (Heidelberg, Germany).
Enzyme assays
The following enzyme assays were used.
PGM activity was measured by determining the rate of Glc-6-P formation by using a coupled assay involving Glc-6-P-DH and NADP+ [36] according to the following scheme:
Glc-1,6-P2 + Glc-6-P without Paramecium extract were incubated for the same time. 
Antisera against PGM
To prepare polyclonal antisera, PGM from rabbit skeletal muscle (Boehringer-Mannheim) was injected subcutaneously and intramuscularly in a cock (strain Lege-Hybrid). The cock was boosted three times at 2-week intervals, and the serum titre against the antigen was determined by ELISA (see below). At 5 days after the last boost, the animal was killed to prepare the serum. For controls, 5 ml of serum was obtained before immunization.
ELISA
For testing the polyclonal antibodies against PGM, the direct ELISA technique was used as described previously [52] (Figure la) . By this step PGM could be separated from over 80 % of other proteins, as indicated by an increase in specific PGM activity ( Table 1) .
The subsequent anion-exchange chromatography on Mono Q HR 5/5 partitioned the PGM activity into a first peak eluted by NaCl at approx. 150 mM and a second peak at 180 mM NaCl (Figure lb) . Since at first we found no activity in any of these elution fractions, probably owing to conversion of the active phospho-enzyme into its inactive free dephospho-form, we analysed this aspect with regard to the loss of Glc-1,6-P2 during anion-exchange chromatography as well as to any possible dephosphorylation by co-eluted phosphatase activity. As with PGM from various vertebrate species [16, 32, 35] , PGM activity in the Mono Q elution fractions could be fully re-established by adding Glc-1,6-P2 at 10 nM ( Figure Ib) Table 2 Comparison of PGM-containing fractions, peaks 1 and 2, from Figure 1 (b) PGM activity of peaks 1 and 2 (from Mono 0 HR 5/5) was measured by determining the rate of Glc-6-P formation by using a coupled assay as described in the Materials and methods section. The reaction mixture used included 84 mM triethanolamine/HCI buffer, pH 7.6, 3.5 mM Glc-1-P, 0.02 mM Glc-1,6-P2, 0.19 mM NADP+, 0.47 unit/ml Glc-6-P-DH, 1.7 mM MgCI2 and 5 ,ul of the Paramecium PGM samples, in a final volume of 1 ml. Isolation was carried out from the 100000 g supernatant by using fractional precipitation with (NH4)2S04 (35-75%) and a combination of molecular-sieve (a) and anion-exchange chromatography (b and c) as described in the Materials and methods section. Samples (5 ,ul) were used in a 1 ml or a 0.2 ml assay to determine PGM and pNPP phosphatase activity, respectively. In (b) the PGM activity lost (-) could be re-established by addition of 10 nM
Glc-1,6-P2 (V). In (c) PGM (v) is effectively separated from phosphatase (*) activity.
Ic). We selected pNPP as a substrate appropriate for most of the Tyr-and Ser/Thr-protein phosphatases, as well as for alkaline and acid phosphatases [56, 57] . Any such phosphatase is unlikely to interfere with our analysis. We have evidence of the existence of two PGM activity peaks in the 100000 g supernatant, as shown by the two peaks in Figure  l Table 2 ), so that specific activities for both PGM peaks are almost identical. Paramecium PGM activity PGM activity of the 100000 g supernatant was measured by determining the rate of Glc-6-P formation by using a coupled assay as described in the Materials and methods section. The reaction mixture used included 84 mM triethanolamine/HCI buffer, pH 7.6, 3.5 mM Glc-1-P, 0.02 mM Glc-1,6-P2, 0.19 mM NADP+, 0.47 unit/ml Glc-6-P-DH and 1.7 mM MgCI2. In some assays MgCI2 was replaced by either 1.7 mM CaCI2 or double-distilled water as indicated. Activity was assayed 10 min after addition of molecules to be analysed for their potential effect on PGM activity (see the Results section). . e B s . X -, :
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Characterization of PGM activity
Rabbit muscle PGM is active in the presence of metal-chelating reagents, including cysteine [53] , histidine [59, 60] , imidazole [61] [62] [63] , EDTA [64] or glutathione [65] . As shown in Table 3 , activity of Paramecium PGM was not affected by these reagents, whereas the presence of MgCl2 was essential. CaCl2 could not substitute for MgCl2, as described also for mammalian PGM [66, 67] . Data in Table 3 Figure 2 (b) we confirmed previous data [1] showing that PP63 labelled in vivo exists in three isoforms, with pl values of 5.85, 5.95 and 6.05.
We have found that P63 is phosphorylated in vitro by a casein kinase (Figure 3) (Figure 3, lanes 1-3) Table 4 Direct ELISA analysis of cross-reactivity of the Paramecium PGMcontaining fraction with polyclonal chicken antiserum against PGM from rabbit skeletal muscle A polyclonal antiserum H37 raised against PGM from rabbit skeletal muscle (diluted 1:100) was assayed in a direct ELISA test for immuno-binding to PGM from rabbit skeletal muscle (0.5 ,ug of protein/well) as well as to the Paramecium PGM fraction (Mono Q HR 5/5) (also 0.5 ,tg of protein/well). Controls were performed under identical assay conditions, with the exception of replacing the PGM antiserum either by the preimmune serum to H-37 (1 100) or by applying the second antibody (rabbit anti-chicken IgG-POX) only. [44] . Again, this kinase was not contaminated by PP63 (lane 3). In contrast, the PGMenriched fraction seems to be contaminated by an endogenous protein kinase activity, since under the same autophosphorylation conditions a 63 kDa protein was partially phosphorylated (Figure 4a, lane 5) . Any identity of this kinase T. Treptau and others activity with cGMP-dependent protein kinase is unlikely, however, since no 32P-labelled 80 kDa phosphoprotein was detectable. This activity might be due to a co-eluted casein kinase, since in Paramecium this protein kinase, on the one hand, does not undergo autophosphorylation (see above) and, on the other hand, does not require autophosphorylation for its enzyme activity (T. Treptau, R. Kissmehl, H. W. Hofer and H. Plattner, unpublished work). In assays using a heat-treated PGM fraction (Figure 4a, lanes 1 and 4) a 32P-labelled 63 kDa protein was not detected, either in the presence (lane 1) or in the absence (lane 4) of Paramecium cGMP-dependent protein kinase. Evidently heatdenatured PGM cannot be phosphorylated by cGMP-dependent protein kinase. When the native PGM-enriched fraction was incubated with cGMP-dependent protein kinase, the most intense incorporation of 32P into the 63 kDa protein was observed (Figure 4b, lane 2) .
When we prepared gels of the PGM-enriched fraction after treatment by the endogenous casein kinase in vitro, we also obtained a 63 kDa phosphoprotein band (results not shown), and IEF autoradiograms revealed the same three isoforms, with pl values of 5.85, 5.95 and 6.05, as was shown for PP63 labelled in vivo (compare Figure 4b with Figure 2b ). An analogous investigation with cGMP-dependent protein kinase showed the same three isoforms (results not shown). In conclusion, as far as analysed, phosphorylation is quite similar with PP63 and PGM, and the phosphorylation achieved is similar with endogenous casein kinase as well as with cGMP-dependent protein kinase.
Immuno-binding assays
These experiments were performed to analyse in more detail whether PP63 might be identical with PGM. We raised polyclonal antisera against commercially available PGM from rabbit skeletal muscle. Antibodies were produced in chicken. Figure 5 illustrates the specificity of polyclonal antisera in ELISA tests using the original antigen. The chicken antiserum H37 against PGM from rabbit skeletal muscle recognized the antigen used for immunization ( Figure 5 ). After subtraction of the background value obtained with preimmune serum or with the second antibody only, the actual titre was determined to be in the range of 1:10000. ELISA tests were then performed to analyse crossreactivity with the Paramecium PGM fraction. In Table 4 we probed the PGM-enriched fractions from Paramecium with chicken antiserum H37 against PGM from rabbit skeletal muscle. The positive control with original PGM from rabbit skeletal muscle exhibited strong immuno-binding to original PGM, but we also observed considerable cross-reactivity with Paramecium PGM. Specificity was again confirmed by control assays either using the preimmune serum or omitting the first antibody.
DISCUSSION
We have previously shown by quenched-flow that PP63 is rapidly (80 ms) and selectively dephosphorylated during AED-induced synchronous exocytosis [1] and rephosphorylated within seconds, a process confined to exocytosis-competent Paramecium strains [2] . Several findings suggested an involvement of a protein phosphatase/kinase system in Paramecium. (i) Exocytosis could be inhibited in vivo (by microinjection) as well as in vitro (using isolated cortex fragments) by polyclonal antibodies against the Ca2+/calmodulin-dependent protein phosphatase 2B (calcineurin) from bovine brain [68] . Recently the involvement of a calcineurin-mediated dephosphorylation step in exocytosis has been ascertained also with exocrine pancreatic cells [69] . It also was reported that PP63 could be phosphoglycosylated in vitro by addition of Glc-l-P, catalysed by a Glc-phosphotransferase utilizing UDP-glucose, to 0-linked mannose residues [5] [6] [7] . Such an acceptor protein, of 63 kDa, has also been shown to occur in mammalian tissues and in other cells [9] [10] [11] 71, 72] .
The aim of the present study was to investigate whether there exists any relationship between this exocytosis-sensitive 63 kDa phosphoprotein in P. tetraurelia, (P)P63, and a protein of the same molecular mass, which has been identified in various other cell types as being identical with PGM [12] [13] [14] [15] . However, the identity of PP63 with PGM in Paramecium has been recently denied [4, 7] .
Biochemical implications
Since at the beginning of our work only little, if any, information was available on the presence of PGM in protozoa, we chose an isolation procedure described for mammalian PGM [53] [54] [55] 73, 74] and we used an established assay in vitro for the determination of PGM activity as generally used for mammalian cells [36] . Thus we were able to enrich most of the PGM activity from the soluble fraction. However, as the various purification schemes also exhibit differences not only in individual isolation steps but also in the choice of separation media [frequently involving precipitation by pH, heat or (NH4)2S04, followed by an anionor cation-exchange chromatography, with a final molecular-sieve chromatography on Sephadex], this may partly explain some discrepancy in the specific enzyme activity of PGM in the published literature [32] . The existence of several isoforms with partly different enzymic characteristics would also contribute to the diversities reported [24, 55, 73, 74] . Therefore, any direct relationship of our enzymic data of Paramecium PGM activity to any of these mammalian isoforms is difficult to establish, and we had to check different conditions for Paramecium activity. Nevertheless, several characteristics remain for direct com- parison. These include the requirement for Glc-1,6-P, and for MgCl2, as well as for appropriate buffer systems for the conservation of PGM activity. These conditions are quite similar to those reported for mammalian PGM from different sources [16, 32] . We [14] . In rat cortical synaptosomes, incorporation was maximal at 5 s after depolarization and returned to baseline within 25 s [13] . This will not directly reflect the situation in Paramecium, since here the exocytosis-sensitive phosphoprotein PP63 has been shown to lose phosphate within 80 ms upon stimulation, as analysed by quenched flow [1] , and to regain its phosphate within seconds thereafter ( [2] ; the present study). An additional difference concerns the accessibility of P63 from Paramecium to protein kinases, as we have shown. Finally, PP63 is sensitive to alkaline treatment, but insensitive even to strong acid treatment [1] , a characteristic of serine/threonine phosphorylation sites. In contrast, the product analysed in PC12 cells is sensitive even to mild acid treatment [13] . Nevertheless, the results of Veyna et al. [13] provide an example not only of reversible and rapidly regulated PGM but also of a possible involvement of PGM in stimulus-secreting coupling, although they analysed glycophosphorylation, whereas we analysed protein phosphorylation, and both might occur at the same time in PC12 cells.
The first evidence of an isoform of PGM to be a phosphoprotein phosphorylated by a Ca2+/calmodulindependent protein kinase was reported by Lee et al. [36] . Such an enzyme could be purified and cloned as a CHAPS-soluble phosphoprotein of about 60 kDa from SR vesicles containing five putative phosphorylation sites for Ca2+/calmodulin-dependent protein kinase. It was hypothesized that this phosphoprotein might be involved in the regulation of Ca2+ release, since the extent of its phosphorylation paralleled the inhibition of Ca2+ release from the SR [75, 76] . The specific association not only of PGM, but also of other glycolytic and glycogenolytic enzymes, with SR membranes, as well as their participation in striatedmuscle excitation-contraction coupling, has been demonstrated by various groups [77, 78] , as reviewed by Meissner [79] . This could involve several functional aspects. One function proposed was the glycolytic delivery of ATP to the Ca2+-ATPase [80] [81] [82] . Another function proposed was the specific binding of Ins(1,4,5)P3 to aldolase, although the participation of InsP3 in the regulation of Ca2+ release from skeletal-muscle triads [83, 84] is the subject of considerable debate [79] . Finally another glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase, is also located in the gap between the terminal cisternae and the transverse tubules.
How does this compare to the situation in Paramecium cells? In P. tetraurelia the structural and functional organization of the sub-plasmalemmal Ca2+ stores, which presumably are involved in the regulation of exocytotic membrane fusion, closely resembles the situation in skeletal-muscle triads ( [37, 85] ; S. Lange, N. Klauke and H. Plattner, unpublished work). Hence, there might be a functional relationship between PP63 and the phosphoprotein of about 60 kDa identified as an isoform of PGM in skeletal-muscle SR [36] . Although PP63 could be isolated as a cytosolic phosphoprotein, independently of its phosphorylation state, its localization is clearly cortical, according [1, 43] . This localization and the strict correlation of its dephosphorylation with exocytosis (see above) suggest a role in the regulation of this Ca2l-dependent process. Most of the evidence emerging now for SR-associated glycolytic enzymes indicates non-glycolytic functions, as reviewed by Meissner [79] . PGM is non-ionically bound to SR by a N-terminal hydrophobic stretch [36] , and SR binding decreases PGM activity [36, 86] . This makes any involvement in glycolytic energy supply unlikely. More likely is a modulatory role in Ca2l release, for the following reasons. As discussed above, phosphorylation of the 60 kDa SR protein, identified as a PGM isoform [36] , inactivates Ca2+ release [87] . By analogy with SR, in Paramecium initial PP63/PGM dephosphorylation could activate Ca2+ release from sub-plasmalemmal stores, and rephosphorylation could abolish this process. This is as speculative as similar assumptions for SR, and therefore other functions remain open. Remarkably, non-glycolytic functions are also discussed for other glycolytic enzymes associated with SR, e.g. glyceraldehyde-3-phosphate dehydrogenase. Again, its association entails decreased enzymic activity [78] , and functions proposed include a role in the assembly of SR-cell-membrane connections 188] or in stimulus-contraction coupling [89] . A similar role for PGM in Ca2+ regulation has recently been discussed, where it could be isolated in fully glycosylated or underglycosylated forms [15] . With several glycolytic enzymes, including PGM, the situation is, however, even more complicated. Several may also exert non-enzymic structural functions, as reviewed by Fothergill-Gilmore and Michels [90] . This is true for PGM in the zonula occludens [91] , as well as in Z-discs and in non-junctional acetylcholine-receptor clusters [92] . Therefore, a role in the assembly ofthe exocytotic machinery also has to be envisaged. The actual function of PP63/PGM deand re-phosphorylation in Paramecium therefore remains to be established.
Could PP63 be identical with PGM?
We showed in P. tetraurelia the existence of two PGM peaks ( Figure Ib) with approximately equal specific activities (Table 2) , where we also found PP63 to occur. In contrast, Andersen et al. [7] claim the occurrence of only one PGM form different from PP63 ('parafusin'). They also show partial sequence similarity of Paramecium 'parafusin' to mammalian PGM [4] . However, they conclude 'parafusin' to be different from PGM [4, 7] . How can our view be reconciled with theirs?
(i) In any eukaryotic system analysed so far, from yeast [35, 55, 93] , flowering plants [18, 20] , insects [94] , fish [16] to mammals [24, 27, 28, 54, 73, 74, 95] , at least two PGM isoforms occur, as we found with Paramecium. (ii) We found PGM in Paramecium to have some characteristics not previously tested (see the Results section). We also observed inactivation by Tris/HCl or by Polybuffer (chromatofocusing), in accordance with previous literature on yeast [35] and mammalian PGM [96] . However, during the isolation of 'parafusin' by DEAE-cellulose chromatography, gel filtration and chromatofocusing, either Tris/HCl or Polybuffer was used in the work with Paramecium mentioned [3, 7] . (iii) 'Parafusin' is an acceptor for Glc-1-P transferred from UDP-glucose by Glc-phosphotransferase [5] [6] [7] . However, this is also true for PGM in yeast [14, 15] , PC12 cells and synaptosomes [13] and liver [12] . Lack of Glc-l-P incorporation into PGM of Paramecium [7] might be explained simply by the absence of Glc-phosphotransferase from the eluted fractions. Up to now this enzyme has not been isolated from Paramecium. (iv) Serine/threonine phosphorylation, as we showed for P63 in Paramecium, also occurs with rabbit skeletalmuscle PGM [36] . Several serine-phosphorylation sites were also to cell fractionation and immunofluorescence labelling 566 T. Treptau and others seen in the amino acid sequence deduced from the cDNA of 'parafusin' [4] . (v) Antibodies against 'parafusin '-derived peptides showed no immunoreactivity with the PGM fraction isolated from Paramecium [7] . However, surprisingly, blots were prepared from elution fractions far from the PGM activity peak. (vi) The sequence similarity between 'parafusin' from Paramecium and mammalian PGM, shown by Subramanian et al. [4] , is high, just intermediate between bacterial and mammalian PGM [23] . Similarity would even appear much more pronounced if one would take into account the numerous conservative amino acid exchanges.
Conclusions
The evidence that 'parafusin' is not a form of PGM is inconclusive, on the basis of our own data and in relationship to the literature currently available on PGM. Considerable sequence similarity between 'parafusin' from Paramecium and mammalian PGM forms [4] may underscore their possible identity, rather than diversity. Further studies on the biochemical and molecular characteristics of PP63 in P. tetraurelia may therefore provide insight to the following aspects. (i) Is PGM (which we assume to be equivalent to PP63) phosphorylated in different ways in vivo, i.e. by glycophosphorylation and/or by serine phosphorylation at different sites? (ii) How do these modifications affect enzyme activity? (iii) Is enzymic activity and/or phosphorylation of PGM relevant for exocytosis regulation? (iv) In which step of exocytosis regulation might it be involved?
